Bacterial opportunistic pathogens are feared for their difficult-to-treat nosocomial infections and 16 for causing morbidity in immunocompromised patients. Here, we study how such a versatile 17 opportunist, Pseudomonas aeruginosa, adapts to conditions inside and outside its model host 18 Caenorhabditis elegans, and use phenotypic and genotypic screens to identify the mechanistic 19 basis of virulence evolution. We found that virulence significantly dropped in unstructured 20 environments both in the presence and absence of the host, but remained unchanged in spatially 21 structured environments. The observed virulence decline was driven by a substantial reduction in 22
the production of multiple virulence factors, including siderophores, toxins, and proteases. 23 Because these virulence factors are secreted, we argue that the spread of non-producers is at least 24 partially due to cheating, where mutants exploit the shareable virulence factors produced by the 25 wildtype. Whole-genome sequencing of evolved clones revealed positive selection and parallel 26 evolution across replicates, and showed an accumulation of mutations in regulator genes, 27 controlling the expression of these virulence factors. Our study identifies the spatial structure of 28 the non-host environment as a key driver of virulence evolution in an opportunistic pathogen, and 29 indicates that disrupting spatial structure in chronic infections could steer pathogen evolution 30 towards lower virulence. 31 INTRODUCTION 32 Understanding how microbial pathogens evolve is essential to predict their epidemiological spread 33 through host populations and the damage they can inflict on host individuals. Evolutionary theory 34 offers a number of concepts aiming at forecasting the evolution of pathogen virulence and 35 identifying the key factors driving virulence evolution [1, 2] . While most evolutionary models 36 agree that the spatial structure of the environment is an important determinant of virulence 37 evolution, they differ on whether spatial structure should boost or curb pathogen virulence. One 38 set of models predicts that high spatial structure lowers virulence, because it favors clonal 39 infections and thereby limits the risk of hosts being infected by multiple competing pathogen 40 lineages [3] [4] [5] [6] . In this scenario, it is thought that within clonal infections, the interests of pathogen 41 individuals are aligned, which should select for prudent host exploitation and thus low virulence 42 [7, 8] . Another set of models predicts that high spatial structure increases virulence because it 43 favors the cooperative secretion of harmful virulence factors required for successful host 44 colonization [5, 9, 10] . These models are based on the idea that virulence factors, such as toxins, 45 proteases and iron-scavenging siderophores, are shared between pathogen individuals in infections 46 [11] [12] [13] . Hence, low spatial structure is predicted to favor the evolution of cheating mutants that 47 exploit the virulence factors produced by others, without contributing themselves [14] . Invasions 48 of these cheats would then lower overall virulence factor availability and damage to the host 19]. 50 51 Both classes of models have received some empirical support. While experimental evolution 52 studies with viruses showed that limited dispersal indeed favors more benign pathogens [20] [21] [22] , 53 work with bacteria showed evidence for the opposite pattern [17, 23, 24] . Although pioneering in 54 their own right, several fundamental questions have remained unaddressed so far. For one thing, 55 the mechanistic basis of virulence evolution has often remained elusive [8, 20, 21, 25] . Moreover, 56 bacterial studies were mainly based on controlled mixed versus mono-infections using wildtype 57 strains and engineered mutants deficient for virulence factor production. It thus remains unknown 58 whether virulence-factor deficient mutants would indeed evolve de novo under low spatial 59 structure and spread to high frequency. Finally, the bacterial studies used opportunistic pathogens, 60 which were however generally directly transferred from host to host, thereby ruling out the 61 possibility of these opportunists to adapt to the non-host environment, a factor that might clearly 62 affect virulence evolution [26] [27] [28] . 63 
64
Here we aim to tackle these unaddressed issues by conducting an experimental evolution study, 65 where we (i) allow opportunistic bacterial pathogens to adapt both to the host and the non-host 66 environment, (ii) manipulate the spatial structure of the environment, and (iii) uncover the targets 67 of selection and mechanisms provoking virulence change using high-throughput phenotypic 68 screening combined with whole-genome sequencing of evolved clones. For our approach, we used 69 the opportunistic human pathogen Pseudomonas aeruginosa infecting its model host, the 70 nematode Caenorhabditis elegans [29, 30] . This bacterium is typically acquired by the host from 71 an environmental reservoir [31, 32] , and nematodes can quickly become infected through the 72 intestinal tract because they naturally feed on bacteria [33] . In our experiment, we let P. aeruginosa 73 PAO1 wildtype bacteria evolve for 60 days in four different environments in eight-fold replication, 74 implementing a 2x2 full factorial design ( Fig. 1A) . To assess the role of spatial structure of the 75 environment (first factor) for virulence evolution, we let the pathogens evolve in either 76 unstructured uniform liquid or spatially structured solid medium. To understand how adaptation 77 5 to the non-host environment affects virulence within the host, we further let the pathogens evolve 78 both in the presence and the absence of the host (second factor). Following evolution, we 79 quantified changes in pathogenicity for each independent replicate, and assessed whether these 80 changes are associated with alterations in the expression of four important virulence factors of P. 81 aeruginosa, which include the siderophore pyoverdine, the toxin pyocyanin, secreted proteases, 82 and the ability to form biofilms. Finally, we whole-genome sequenced 140 evolved clones to map 83 phenotypes to genotypes, and to test for positive selection, parallel evolution among independent 84 replicates, and orders of mutations during evolution. 
RESULTS

87
Selection for reduced virulence in environments with low spatial structure 88 Prior to experimental evolution, we found that the ancestral wildtype was highly virulent by killing 89 76.2% and 83.9% of all host individuals within 24 hours in liquid and on solid media, respectively 90 (Table S1 ). This pattern changed during evolution in spatially unstructured environments, where 91 virulence dropped by 32.3% and 44.7% for populations that evolved with and without hosts, 92 respectively ( Fig. 1B+C, Fig. S1 ). Conversely, virulence remained high in structured 93 environments. Overall, there was a significant effect of spatial structure on virulence evolution 94 (linear mixed model: dfstructure = 24.7, tstructure = -2.11, pstructure = 0.045), while host presence did 95 not seem to matter (dfhost = 18.6, thost = 0.86, phost = 0.40). Experimental design: P. aeruginosa PAO1 bacteria were serially transferred 30 times in four different 99 environments in 8-fold replication. These environments were either spatially structured ("struc +") or 100 unstructured ("struc ─"), and either contained ("host +") or did not contain ("host ─ ") C. elegans nematodes 101 for the bacteria to infect. Subsequently, the evolved populations were tested for their virulence towards the 102 nematode under two different conditions: (B) In the environment the populations evolved in (i.e. 103 populations that evolved on agar plates tested on agar plates, populations that evolved in liquid culture 104 tested in liquid culture); and (C) in the reciprocal environment as a control (populations that evolved on 105 agar plates tested in liquid culture, populations that evolved in liquid tested on agar plates). Both assays 106 revealed that virulence significantly decreased during evolution in unstructured environments (Wilcoxon 107 rank-sum test, p < 0.05; see Table S2 ). Virulence was quantified as percent nematodes killed at 24 h post 108 infection, scaled to the ancestral wildtype. Individual dots represent mean virulence of evolved populations. 109 The red line represents the average wildtype virulence level in the respective assay, with shaded areas 110 denoting the 95% confidence intervals. 111 7 Treatment-specific changes in virulence factor production 112 To explore whether shareable virulence factors were under selection and whether changes in 113 virulence factor production could explain the evolution of virulence, we isolated 640 evolved 114 clones and quantified their production of: (i) pyoverdine, required for iron-scavenging [34]; (ii) 115 pyocyanin, a broad-spectrum toxin [35] ; and (iii) proteases to digest extracellular proteins [36] . 116 We further quantified the pathogens' ability to form biofilms on surfaces, another social trait Our phenotype screens revealed significant changes in the production of all four virulence factors 121 ( Fig. 2 ). For pyoverdine, we observed a significant decrease in pyoverdine production in 122 unstructured environments without hosts, with many clones (44.4%) having completely lost the 123 ability to produce pyoverdine ( Fig. 2A ). Since our media was iron-limited, impeding the growth 124 of pyoverdine non-producers, these mutants likely represent social cheaters, exploiting the 125 pyoverdine secreted by producers [41, 42] . While mutants with abolished pyoverdine production 126 also emerged in the unstructured environment with hosts, their frequency was much lower 127 (5.0%). Apart from the unstructured environment without hosts, we observed a significant 128 increase in pyoverdine production in evolved clones in all other treatments (Bayesian 129 generalized linear mixed model, BGLMM: phost:structure = 0.027). Pyocyanin production, meanwhile, significantly dropped in all four environments ( Fig. 2B ), but 132 more so in the presence than in the absence of the host (phost = 0.038), while spatial structure 133 had no effect (pstructure = 0.981). The pattern of evolved protease production mirrored the one for host was present during evolution; struc (─) = evolution in a liquid-shaken unstructured environment; struc 160 (+) = evolution in a structured environment on agar. We used non-parametric Wilcoxon rank-sum test for 161 comparisons relative to the ancestral wildtype, and Bayesian-based generalized linear mixed models to test 162 for treatment effects (see Table S2 ). Solid black bars denote the median for each treatment. Aggregate change in virulence factor production correlates with evolved virulence 164 While the phenotypic screens revealed altered virulence factor production levels, with significant 165 host and environmental effects (Fig. 2) , the virulence data suggest that there is no host effect, and 166 spatial structure is the only determinant of virulence evolution (Fig 1) . In the attempt to reconcile 167 these apparently conflicting results, we first performed a principle component analysis (PCA) 168 on population averages of the four virulence factor phenotypes (Fig. 3A) . The PCA indicates 169 that each treatment evolved in a different direction in the phenotype space, revealing that 170 environmental and host factors indeed both seem to matter. This analysis further shows that the 171 direction of phenotypic changes was aligned for some traits, but opposed for others ( Fig. 3A, Fig.   172 S2A-F). A decrease in pyocyanin production was generally connected to a decrease in protease 173 production ( Fig. S2D ). On the other hand, decreased pyocyanin and protease production was 174 associated with both higher pyoverdine and biofilm production ( Fig. S2B+E ).
176
Given these opposing evolutionary directions and trade-offs between virulence factors we 177 hypothesized that an increase in the production of one virulence factor could (at least partially) be 178 counterbalanced by the reduction of another virulence factor. In the extreme case, two virulence 179 factors could both be under selection, but in opposite directions, such that their net effects on 180 virulence could cancel out. In line with this hypothesis, we found that the evolutionary change in virulence in structured environments can be explained by compensatory effects (i.e. the 187 reduction in pyocyanin and protease production is balanced by increased pyoverdine and 188 biofilm production). Important to note is that the observed pyoverdine upregulation is 189 presumably a compensatory phenotypic response, as decreased pyocyanin and protease 190 production are known to lower iron availability [44] , which in turn might trigger increased 191 pyoverdine production. that were mutated second. Lines without arrowheads indicate that phylogenetic inference could not resolve 234 the order of mutations. 235 We found that two of these frequently mutated targets explained a large proportion of the altered 236 virulence factor phenotypes ( Fig. 5 ). Specifically, reduced pyoverdine production was 237 significantly associated with mutations in the pvdS gene or its promoter region (F(1,137) = 240.1, 238 p < 0.0001, Fig. 5A ). Moreover, there were significant correlations between reduced pyocyanin 239 and protease production and mutations in lasR (pyocyanin: F(1,137) = 18.76, p < 0.0001; 240 proteases: F(1,137) = 16.04, p < 0.001, Fig. 5B+C ). In roughly half of the clones (pyocyanin: 241 51.3%, proteases: 45.6%), reduced production levels could be attributed to mutations in lasR. 242 While the Las-system directly controls the expression of proteases, pyocyanin is only indirectly 243 linked to this QS-system, via the two subordinate Rhl and PQS quorum sensing systems [46] . We 244 further analyzed whether the mutations in the type IV pili genes affected biofilm formation. 245 Although type IV pili can be important for bacterial attachment to surfaces [47], there was no clear 246 relationship between these mutations and the evolved biofilm phenotypes (Fig. S5 ). This is 247 probably because biofilm formation is a quantitative trait, involving many genes, and because we 248 found both evolution of increased and decreased biofilm production, which complicates the 249 phenotype-genotype matching. To test whether the mutated loci were under positive selection, we calculated the relative rates of 253 nonsynonymous to synonymous SNPs (dN/dS) for loci mutated in at least two populations and for 254 loci mutated only once. We found dN/dS = 6.2 for loci mutated in parallel in multiple populations, indicating that these loci were under negative selection (P(X≤26)~pois(λ=87) < 1.5×10E-14). 259 Altogether, our findings reveal that the 18 loci with multiple mutations underwent adaptive parallel 260 evolution.
262
Finally, we used phylogenetic inference to resolve the order of mutations involving the lasR, pvdS, 263 and pil genes ( Fig. 4B ). Such analyses could reveal whether selection of mutations in certain genes 264 is dependent on previous mutations in other genes. When analyzing evolved clones that mutated 265 in at least two of these loci, we observed no clear patterns of dependencies in the order of mutations 266 in lasR-pil-mutants and lasR-pvdS-mutants. For pvdS-pil-mutants, meanwhile, we found that 267 mutations in pvdS tended to precede the mutations in pil genes. While sample size is too low to 268 draw any strong conclusions, this observation could indicate that mutations in type IV pili are 269 particularly beneficial in a pyoverdine-negative background. Table S2 ). pvdS encodes the iron starvation sigma factor 275 and all clones with mutations in this gene or its promoter showed significantly impaired pyoverdine 276 production. lasR encodes the regulator of the Las-quorum-sensing system, which directly controls the 277 expression of several proteases. All clones with lasR mutations showed reduced protease production. The
278
LasR regulator also has downstream effects on the Rhl-and PQS quorum-sensing systems, which control 279 pyocyanin production. Consistent with this view, most clones with lasR mutations (93.8 %) showed 280 decreased pyocyanin production. Although the genotype-phenotype match was nearly perfect for mutated 281 clones, a considerable amount of clones also showed altered phenotypes without mutations in these two 282 regulators, suggesting that some of the phenotypic changes are caused by mutations in yet unidentified loci. compounds such as toxins, proteases or siderophores [5, 9] . The reason for this is that secreted 298 virulence factors can be shared between cells, and can thus become exploitable by cheating 299 mutants that no longer contribute to costly virulence factor production, yet still capitalize on those 300 produced by others. The spread of such mutants is predicted to reduce overall virulence factor 301 availability and to curb virulence, exactly as observed in our study.
303
Our results highlight how an in-depth mechanistic analysis of the traits under selection can deepen 304 our understanding of virulence evolution. In the absence of our phenotypic and genetic trait 305 analysis, we would be tempted to conclude that the presence of the host has no effect on virulence 306 evolution, and that evolutionary change is entirely driven by the external non-host environment 307 (Fig. 2) . Our mechanistic trait analysis proves such conclusions wrong for multiple reasons. First, 308 we observed strong selection for pyoverdine-negative mutants only in the absence but not in the 309 presence of the host ( Fig. 2A) . Pervasive selection against pyoverdine in unstructured, yet iron-310 limited medium, has previously been attributed to cheating [14] . Here, we show that the spread of 311 pyoverdine-cheaters is apparently prevented in the presence of the host. One reason for this host-312 specific effect might be that the spatial structure inside hosts counteracts the selective advantage 313 cheaters experience outside the host. Second, we found that the presence of the host had a 314 significant effect on the strength of selection against pyocyanin and protease production ( Fig.   315 2B+C). We speculate that the presence of the host alters the reason for why these two virulence 316 factors are selected against. In the absence of the host, neither pyocyanin nor proteases are required 317 for growth, and their decline could be explained by selection against superfluous traits. 318 Conversely, these two traits become beneficial in the presence of the host [38, 40] , such that 319 selection against them could at least partially be explained by cheating. Third, we found evidence 320 that the presence of the host selected for mutants with increased capacities to form biofilms (Fig.   321 2D). Apart from increasing residency time within hosts, the shift from a planktonic to a more 322 sessile lifestyle typically goes along with fundamental changes in gene expression patterns [48, 49] , 323 which might in turn affect virulence. Finally, we found that virulence factors were also under 324 selection in treatments where the overall virulence level did not change (i.e. in structured 325 environments). In these environments, however, reduced production of one virulence factor (e.g. A number of previous studies showed that when competition between virulence-factor producing 330 and engineered non-producing bacteria is allowed for, then non-producing strains can often invade 331 pathogen populations and thereby lower virulence [15, 17, 23, 24] . While our work is in line with 332 these findings, it makes several important novel contributions. First, our experiment started with 333 fully virulent clonal wildtype bacteria, and any virulence-factor deficient mutants had to evolve 334 from random mutations and invade pathogen populations from extreme rarity. Hence, our study 335 proves that the predicted mutants indeed arise de novo and are promoted by natural selection in 336 independent parallel replicates. Second, our results highlight that multiple social traits are 337 simultaneously under selection, which contrasts with the work with engineered mutants, where 338 either a specific siderophore or quorum-sensing system was deleted [15, 17, 23, 24] . The fact that the ubiquitous appearance of lasR-mutants was often interpreted as a specific host adaptation, we 351 show here that lasR-mutants frequently arise even in the absence of a host, indicating that 352 mutations in lasR are not a host-specific phenomenon. We propose three mutually non-exclusive 353 explanations for the frequent occurrence and selective spread of lasR-mutants. First, we propose 354 that the Las-quorum-sensing regulon might no longer be beneficial under many of the culturing 355 conditions used in the laboratory, especially when bacteria are consistently grown at high cell 356 densities. Mutations in lasR would thus reflect the first step in the degradation of this system. 357 Alternatively, it is conceivable that quorum sensing remains beneficial, but that mutations in lasR replica-plated to a fresh RDM-Ch plate, using a custom made replica tool covered in sterilized 430 velvet. In the treatment "agar plate with host", the plates containing the nematodes from the 431 previous round were then rinsed off the plate with sterile NaCl (0.85%), washed thoroughly to 432 avoid additional transfer of bacteria, and 10% of the nematode suspension was transferred to the 433 new plate. Since P. aeruginosa is highly virulent towards C. elegans, the transferred worms were 434 carcasses. A fresh batch of ~100 synchronized L4 stage nematodes was then added to the plates. 435 For the "liquid culture without host" treatment, 50 µL of the culture was used to inoculate 4.95 mL 436 of fresh RDM-Ch medium. For the "liquid culture with host" treatment, culture tubes were 437 centrifuged slowly (~200 g, 5 min) to pellet the nematodes, and 50 µL of the supernatant (still host" treatment, culture tubes were first centrifuged slowly (~200 g, 5 min) to pellet the nematodes. 452 Then, 25 µL of the supernatant (containing bacteria) was used to inoculate 2.475 mL liquid LB 453 medium in 6-well plates. For the "liquid culture without host" treatment, 25 µL of the bacterial 454 culture was used to inoculate 2.475 mL liquid LB medium in 6-well plates. All plates were then 455 incubated under shaken conditions (100 rpm) for 18 h. Finally, 900 µL of each well was mixed 456 1:1 with sterile glycerol (85%) and frozen at -80°C in separate cryotubes. checked for egg or L1 larvae development and we never observed any live larvae. We can therefore 492 assume that the nematodes did not successfully reproduce during these experiments.
494
Isolation of single clones 495 To isolate single clones, evolved bacterial populations were re-grown from freezer stock in 3 mL 496 LB medium for 20 h (160 rpm) and adjusted to OD600=1.0. Then, 200 µL of 10 -6 and 10 -7 dilutions 497 were spread on large LB agar plates (diameter 150 mm), and plates were incubated at room 498 temperature (~20-25°C) for 48 h. Twenty colonies were then randomly picked for each population 499 and inoculated into 100 µL LB medium in a 96-well plate. Plates were incubated for 24 h under 500 shaken conditions (165 rpm) before adding 100 µL sterile glycerol (85%) to each well, sealing the 501 plates with adhesive foil and freezing at -80°C. A total number of 640 clones was isolated this 502 way, and each was subjected to four different phenotypic screens for virulence factor production. Pyocyanin production. Single clones were re-grown from freezer stocks in 200 µL LB medium 516 for 20 h (165 rpm) in 96-well plates. Then, for each well, cultures were first diluted 10 -2 in NaCl 517 (0.85%) and then 10 -2 into liquid LB to a final volume of 1 mL in 24-well plates. Plates were then 518 incubated for 24 h under shaken conditions (165 rpm). The well content was then transferred to 519 1.5 mL reaction tubes, vortexed thoroughly, and centrifuged to pellet bacterial cells. From each 520 tube, three aliquots of 150 µL of the cell-free supernatant were then transferred to 96-well plates, 521 and pyocyanin was quantified by measuring OD at 691 nm in a plate reader. Multiple wells 522 inoculated with the ancestral wildtype as well as blank medium controls were included in every 523 plate. Additionally, the Rhl-quorum-sensing deficient knockout mutant PAO1-ΔrhlR was included 524 as a negative control for pyocyanin production. . 534 Multiple wells inoculated with the ancestral wildtype as well as blank medium controls were 535 included in every plate. Additionally, the Las-quorum-sensing deficient knockout mutant PAO1- 536 ΔlasR was included as a negative control for protease production. Calculation of the "virulence factor index". We defined a virulence factor index v =  ri / n, 555 where ri-values represent the average virulence factor production scaled relative to the ancestral 556 wildtype for the i-th virulence factor (i = pyoverdine, pyocyanin, proteases, biofilm), and n is the 557 total number of virulence factors. A clone with wildtype production levels for all four virulence 558 factors measured would have a virulence index of ~1, whereas a clone with mostly lowered or 559 absent production would have a virulence index closer to 0. For statistical analyses and the 560 generation of Fig. 3B and Fig. S3 , we used the average virulence index across clones for each 561 population.
562
Whole genome sequencing and variant calling 563 564 Selection of clones to sequence. To select populations from which to select clones for sequencing, 565 we first chose all populations that showed a decrease in virulence, and then added randomly chosen 566 populations to cover all four treatments in a balanced way (four sequenced populations for each 567 treatment), leading to a total of 16 selected evolved populations. From these, we selected 9 clones 568 per population according to the following scheme: first, we tried to get at least one clone that 569 showed no phenotypic differences to the ancestral wildtype with regards to pyoverdine and 570 pyocyanin production. Then, we tried to get clones with a marked decrease in pyoverdine and/or 571 pyocyanin production. Finally, we filled up the list with randomly chosen clones. 
